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ABSTRACT 
Alurtites of the atomic substitution series potassium alunite 
[}Uil3(SOiVAOE) 6]   - oxonium alunite [(H 0)A1 (SO ) (OH) ] were 
synthesized from acidic solutions (pH 1-3) between 100 and 250°C 
and between 1 and 1000 bars in both sealed silica tubes and 
sealed gold tubes- The composition of the starting solutions 
ranged from 0-120% K-saturation with aluminum fixed at 0.8 M 
and sulfate ranging from 1.20 to 1.32 M; at 100%. K-saturation 
the molar ratio of potassium to aluminum in the solution was 1:3. 
T. 
Integration of the results from chemical analysis, x-ray 
powder diffractometry, infrared absorption spectroscopy, 
thermogravimetric analysis, and refractive index measurements 
indicates that (l)the oxonium ion exists in the interlayer 
site of the alunite structure as a. discrete functional group, 
(2)sulfur, as well as aluminum,' are nonstoichiometric in the 
alunite structure, and (3)hydrogen ions incorporated in the 
alunite structure tend to balance the excess negative charges 
resulting from the nonstoichiometry of aluminum and sulfur. 
An infrared absorption band at 3440 cm  that increases in 
intensity with decreasing potassium content is attributed to the 
+ 
H,0 (v.. or v») vibration.  Three other infrared vibfational 
frequencies Of the oxonium ion are overlapped by absorption 
2-      ■' bands of OH , H_0, and SO, . The substitution of deuterium 
for hydrogen through synthesis of the samples in D„0 does not 
result in a resolution of these overlapping bands. Additional 
1 
evidence which supports the existence of the oxonium ion in 
these synthetic alunites is (l)the increase in the number of 
hydrogen ions in the structure and the decrease in c as the 
potassium content decreases and (2)the agreement between the 
physical and chemical molar refractivities. 
The sulfur content of the synthetic alunites was found to 
be consistently nons'toichiometric contrary to the assumption 
of ideal stoichiometry for sulfur made by previous investigators. 
The deficiency of alumitium reported by previous investigators 
was confirmee!. 
In the alunite structure, hydrogen ions charge balance 
+   3+ 
aluminum ion deficiencies through the ratio 3H /1A1 •  Hydrogen 
ions also charge balance sulfur ion deficiencies perhaps as the 
4- 
tetrahedral hydroxyl configuration (H,0,)  substituting for 
2- + 6+ (SO,)  , although a quantitative ratio of H :S  could not be 
established. 
\        N -   Temperature and pressure conditions of synthesis affect 
the potassium content in alunite.  For starting solutions with 
less than 100% K-saturation, temperature and pressure oppose 
+   + 
each other (increasing temperature decreases the K /H_0 ratio 
in alunite) whereas for solutions with greater than 100% 
K-saturation, temperature and pressure reinforce each other to 
produce high potassium alunites.  As temperature increases, 
the yield of alunite also increases perhaps due to a greater 
3+ 
rate of hydrolysis for A1(H,,0),. . 
2.     b 
+   + 
The temperature dependence of the K /H„0 ratio in alunite 
may be useful as a geothermometer in low-pressure near-surface • 
environments providing that the potassium content does not under- 
go post-depositional reequilibration and that the K/Al ratio 
° of the alunite-depositing fluids can be determined through 
fluid inclusion studies. 
J 
INTRODUCTION 
Background 
The mineral alunite [KA1 (SO.) (0H)fi] is the most abundant 
member of an isostructural family,of minerals which has the 
ideal formula [ABo(S0.)o(0H).] in which A may be K , Na , 
H30+, Pb2+, NH4+, or Ag+ and B either Al3+ or Fe3+(Table 1). 
The structure is somewhat similar to that of the phyllosilicates 
in which-' the A atom is in 12-coordination with six oxygen and 
six hydrpxyl ions, the B atom is in octahedral coordination with 
two oxygen and four hydroxyl ions and the sulfur site is 
surrounded by four oxygen ions(Menchetti and Sabelli, 1976) 
(Figure 1). 
Alunite forms under low-temperature relatively near-surface 
conditions from hydrothermal fluids. Alunitization is often 
associated with kaolinization and silicification.of pre-existing 
rocks.  It occurs as massive to disseminated deposits and in 
coarse-grained hydrothermal veins commonly in altered volcanic 
tuffs and volcanic flows. Alunitization is believed to be a 
phase of solfataric action involving hot H_S-bearing solutions 
which rise to the surface where.they cool and oxidize.  The 
resulting sulfuric acid solutions flow downward, dissolve 
potassium and aluminum from the pre-existing rocks, and 
subsequently precipitate alunite. 
Table 1.  End-member chemical formulas for minerals of the 
alunite group. 
Mineral 
Alunite 
Natroalunite 
Jarosite 
Natrojardsite 
Ammonioj arosite 
Argentojarosite 
Plumbojarosite 
Chemical Formula* 
KA13(S04)2(0H)6 
NaAl3(S04)2(OH)6 
KFe3(S04)2(OH)6 
NaFe3(SO4)2(0H)6 
NH4Fe3(S04)2(OH)6 
AgFe3(S04)2(OH)6 
PbFe6(S04)4(OH)12 
*from Strunz(1977) 
Figure 1.  Idealized crystallographic model of the alunite 
structure showing the arrangement of the tetrahedral and 
octahedral layers and the position of the interlayer 
12-coordinated potassium ion.  The height of the T-O-T 
layer is 7.48 X.  (from Menchetti and Sabelli, 1976) 
7.48 A 
The crystal structure of alunite was first described by 
Hendricks(1937), who determined that the mineral belongs to the 
space group R3m.  Later, Wang, et al.(1965) confirmed the 
structural model of Hendricks, but found that refinement of the 
structure indicated the space group R3m. Menchetti and Sabelli 
(1976) refiSe^T the single-crystal x-ray diffraction data from 
a synthetic jarosite and determined that there was 90 atomic 
%  potassium and 10 atomic % oxygen (oxonium) in the 12- 
/coordinated site in agreement with the lattice parameter data 
of Kubisz(1970) who showed that there is a linear relationship 
+   + between the c dimension and the K /H_0 ratio in synthetic 
o 3 
jarosites. 
One of the major unsolved problems with respect to the 
crystal chemistry of alunite is the nature of the hydrous 
species that occurs in the 12-coordinated interlayer site. 
+ + 
Shishkin(1951) showed that H-0 can be replaced by NHA through 
ion exchange in ammoniojarosite.  Parker(1962) reported that 
some synthetic alunites have a deficiency of alkali ions and an 
excess of water relative to the theoretical formula and ascribed 
this difference to the substitution of oxonium ions for sodium 
and potassium.  Brophy et al.(1962) and Brophy and Sheridan 
(1965) also rioted the concomitant alkali deficiency and excess 
of water in natural and synthetic alunites and jarosites. 
Infrared absorption spectroscopy has not as yet provided any 
unequivocal conclusions on the nature of the hydrous species in 
alunite probably because of the coexistence of and interaction 
between oxonium and hydroxyl ions in the structure(Wilkins 
et al., 1974).  It is interesting to note that a substance with- 
co-existing oxonium and hydroxyl ions, (H„0)BF.(OH), has 
reportedly been synthesized(Wamser, 1951).  Studies of alunite 
by means of combined DTA, TGA, and x-ray powder diffraction 
analysis have not clarified the identity of the hydrous species 
in alunite(Slansky, 1973; Gad,. 1951; Kubisz, 1971). 
Characteristics of the Oxonium Ion 
The presence of the oxonium ion in crystalline solids has 
been postulated for many years.  Its existence in both solids 
and solutions was demonstrated'by means of infrared absorption 
spectroscopy(fable 10) and its approximate geometry in solids 
was obtained by means of nuclear magnetic resonance(NMR) 
spectroscopy and x-ray diffraction(XRD) analysis(Table 2). 
The results of the NMR and XRD studie^suggested that the oxonium 
ion was slightly nonplanar, although no definite information 
was provided on the geometry of the ion. A single-crystal 
neutron diffraction study of the oxonium ion in p-toluenesulfonic 
acid monohydrate(Table 2) confirmed the presence of the 
pyramidal conformation of the ion(Lundgren and Williams, 1973). 
Unrestricted by crystal symmetry, this cation has essentially 
C, symmetry with an average 0-H bond length of 1.001A, an 
average H-O-H angle of 110.4°, and an oxygen atom 0.322A out 
of the plane of the three hydrogen atoms. 
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PURPOSE 
This study had three objectives.  The first objective was 
to synthesize a series of single-phase alunite samples ranging 
in composition from potassium alunite to oxonium alunite.  The 
second objective was to characterize these synthetic alunites 
by means of a variety of analytical methods with special attention 
focused on the nature of the hydrous species in the 12-coordinated 
interlayer site.  The third objective was to determine the effect 
+   + 
of temperature and pressure on the K /ELO ratio in synthetic 
alunite and to apply these results to understanding the physical 
conditions of formation of alunite deposits so that limits may 
be placed on the conditions of deposition of natural alunite 
and the associated uranium-, gold-, silver-, lead-, and zinc- 
bearing minerals. 
11 
EXPERIMENTAL METHODS 
Alunite Synthesis 
Solutions from which alunites were synthesized were made 
by mixing aqueous stock, solutions of K„SO. and A1„(S0.)„. 
, 2 4      243 
18EL0. with distilled water in proportions such that the aluminum 
concentration was always 0.8 M, the potassium concentration 
ranged from 0' to 0.32 M, and the sulfate concentration ranged 
from 1.20. to 1.32 M. A potassium concentration in the starting- 
solution of 0.27 M is referred to as having 100% K-saturation 
which means that the potassium to aluminum molar ratio is 1:3, 
equivalent to the ideal end-member potassium alunite composition. 
Sealed silica-glass tubes (4 mm ID, 6 mm OD, and 10-30 cm in 
length) were the principal vessels used in the synthesis of the 
alunites studied in this investigation.  Each solution was sealed 
in a tube with at least one inch of air space between the meniscus 
of the solution and the seal-off point. The sealed tube was put 
in an oven preheated to the desired temperature in the range 
100 to 200°C for 24 to 72 hours.  Pressures within the sealed 
silica tubes were calculated from the Clausius-Clapeyron equation 
and ranged from 2 to 50 bars. In order to achieve a synthesis 
temperature of 250°C without blowing out the walls of the silica 
tube, a sealed silica tube (10 cm in length) was placed in a 
sealed 9.5 mm bore hydrothermal bomb sealed with a copper gasket 
which was half filled with water and then heated in a box furnace. 
The synthetic alunite occurs as discrete single crystals and 
12 
as a druse on the inside wall of the silica tubes. 
Two inch lengths of thin-walle<i 6.0 mm OD gold tubing, 
which were crimped and sealed by arc-welding at both ends, were 
used to contain the starting solutions for runs at synthesis 
pressures of 0.5 and.1.0 kilobars in cold-seal hydrothermal 
bombs with'a bore diameter of 6.35 mm. 
Pyrex and plastic erlenmeyer flasks were used to reflux 
solutions that produced alunite at 100°C and 1.0 bar in the 
initial stage of this investigation.  This method was dis- 
continued because the resulting alunite was not in the form of 
single crystals and could not be synthesized from solutions 
with less than 80% K-saturation. 
Chemical Analysis 
Quantitative chemical analyses were carried out on single- 
phase alunite samples (based on x-ray powder\diffraction analysis) 
to determine the crystal chemical variations of the potassium 
alunite to oxonium alunite series. Potassium, aluminum,., and 
sulfur were determined on aqueous solutions obtained by dissolving 
the synthetic alunites whereas hydrogen was calculated from the 
water loss obtained by thermogravimetric analysis. 
Solutions for analysis were prepared by dissolving 10-20 mg 
of alunite in 10 mL of hot 0.1 M NaOH solution.  The solution was 
not allowed to boil to prevent spattering. Any remaining alunite 
was crushed, 5 mL of the NaOH solution added, and heating was 
continued until the alunite was completely dissolved.  The 
13 
cooled solution was acidified to pH 2 using 2 M HC1, quantitatively 
transferred to a 100 mL volumetric flask, and then diluted to 
the mark. 
Potassium and aluminum were analyzed "with a Perkin-Elmer 373 
atomic absorption spectrometer.  Sulfur was determined as 
barium sulfate(Fritz and Schenk, 1974).  Since potassium and 
aluminum interfere with the sulfate determination, they were 
removed by passing the solutions through a hydrogen-based cation 
exchange resin (Bio-Rad AG 50W/X8, -200+400 mesh). 
Hydrogen was calculated from the total weight loss in percent 
incurred at the inflection point of the piateau following the 
dehydroxylation of the alunite structure. 
X-Ray Powder Diffraction , 
X-ray powder diffraction analysis of alunite samples was 
used to determine accurately the lattice parameters of the alunite 
unit cell and to identify other phases in the synthesis products 
and heated alunite samples. 
Each alunite sample was analyzed by dispersing 5 to 10 mg 
of finely ground powder in a drop of glycerine spread evenly on 
a glass slide in about a 1 cm square area.  About 2 to 5 mg of 
high-purity silicon was added as an internal standard. 
Diffractometer scans, using Cu Ka radiation, and a. wide- 
ranging goniometer equipped with a graphite monochrometer, were 
taken in the range 10 to 55° 26 at a scan rate of 1/2° 28 per 
minute.  The 29 angles of the peaks were corrected using 
14 - 
) 
the silicon (111) reflection at 3.138& (28.42° 20) (JCPDS File 
No. 5-565), peaks in the 33 to 50° 26 range were corrected using' 
the silicon (220) reflection at 1.920& (47.30° 29); and peaks 
above 50° 29 were corrected using the silicon (311) reflection 
at 1.738A (56.10° 26).  The, d-values for corrected peaks up to 
45° 28 were calculated using a weighted average of Cu Ka.. and 
Ka~ wavelengths (1.54178A).  Diffraction maxima above 45° 29 
-wgre split due to the resolution of the Cu Ka.. and Ka„ wave- 
lengths.  The 29 angle of the more intense diffraction maxima, 
due to the Ka.. wavelength (1.54051A), was measured, then 
recalculated to the 29 angle for 'the averaged Ka wavelength 
(1.54178A) using the equation: 
•  ™   1-54178. . . „Q sxn 29 = -—c .rig1 sxn 28 
a  1.54051     a. 
This was done so that the wavelengths for all the 29 values of 
the diffraction maxima were the same.  These adjusted 29 angles 
were corrected according to their respective silicon, peak, and 
then their d-values were calculated as above. 
The powder patterns were indexed in accordance with the 
structural work on alunite by Menchetti and Sabelli(1976).  A 
crude set of lattice parameters were calculated by the following 
equations:  a = 4donrt and c = 6dnri/..  These approximate o    220     o>    006 
lattice parameters and measured d-values were used to obtain 
a fixed set of lattice parameters and a calculated set of d-values 
by means of the indexing and least-squares computer-based 
15 
y 
refinement program of Appleman and Evans(1973).  In this program, 
calculated and observed d-spacings for each peak are matched 
according to pre-set statistical criteria; satisfactorily- 
indexed peaks are then, used to compute new cell parameters by 
a least-squares refinement technique. , The measured and calculated 
d-spacings agree within + 0.007A for the low angle peaks and 
+ 0.002$ for peaks above 30° 28. . 
Infrared Absorption Spectroscopy 
Samples of. the alunite series, deuterated alunites synthesized 
from D„0 solutions, and alunites heated to various temperatures 
were analyzed by infrared absorption spectroscopy to determine 
the nature of the hydrous species in the alunite structure. 
The KBr pressed pellet technique was employed as the standard 
method of sample analysis.  A mixture of 1.0 to 1.5% by weight 
of alunite sample in dried (200°C, 24 hours), spectroscopic- 
grade KBr was ground in an agate mortar until a homogeneous fine- 
grained powder was obtained.  Pellets were prepared immediately 
in a pellet press from 50 to 100 mg of sample mix. Each 
pellet was immediately analyzed on a Perkin-Elmer 283 double- 
beam dual-grating infrared absorption spectrophotometer in the 
4000 to 250 cm  region using air in the reference beam path. 
The scan of a pure KBr pellet was used to detect and identify 
absorption bands, due to impurities or substances adsorbed on 
the sample; only a small amount of water was found. 
16 
Infrared spectra of thermally-treated alunite samples were 
j 
obtained on one sample-bearing KBr pellet which was heated at 
each desired temperature for at least six hours and then cooled 
in a dessicator.  The analyzed pellet was then returned to the 
oven which had been pre-set to a selected higher temperature. 
For temperatures up to 225°C, the pellet was heated in a 
circulated air oven where the temperature was controlled to 
+ 2°C. For the temperature range 250 to 400°C, the pellet 
was heated in a box furnace where the temperature was determined 
using a new chromel-alumel thermocouple and controlled to 
within + 10°C.  Above 400°C, the pellet was too cloudy to be 
scanned. 
The positions of the absorption peaks were determined 
accurately with the aid of pre-calibrated wavenumber markers 
printed directly on the pattern.  All reported values for the 
absorption bands were taken at the point of maximum intensity. 
Thermal Analysis 
Thermogravimetric analysis was carried out on a broad 
compositional range in the synthesized potassium alunite to 
oxonium alunite series to (a)determine the weight loss, as a 
function of temperature and (b)investigate the structural 
changes as a function of temperature. Weight loss was determined 
by heating 20 to 40 mg samples in pre-weighed small aluminum 
boats in a horizontal tube furnace.  The temperature was 
monitored with new chromel-alumel thermocouples and controlled 
17 ■ 
to within + 2°C.  The samples were removed from the furnace 
after at least three hours, cooled in air, and weighed.  There 
was no measureable difference in weight loss between cooling in 
air and cooling in a dessicator. 
Changes in the crystal structure of alunite were determined 
for the end-members of the alunite series.  Samples of each end- 
^K member were heated in an* aluminum boat at a given temperature 
for 12 hours inside the tube furnaces.  The samples were then 
removed and cooled in air.  A 5 to 10 mg aliquot was removed, 
mixed with a silicon standard in glycerin and analyzed by x-ray 
powder diffractometry. The remainder of the sample in the boat 
was returned to the furnace, which had been pre-set to a 
temperature 50 to 100°C higher; the process was repeated until 
the sample had been heated at the desired maximum temperature. 
Refractive Index 
The refractive indices of the hexagonal alunite series were 
measured in order to determine the relationship between optical 
properties and chemical composition.  The omega and epsilon 
refractive indices were measured with a petrographic microscope 
using sodium light and a reference set of immersion liquids of 
known refractive index.  The omega and epsilon indices-were 
determined to + 0.001 and + 0.002, respectively. 
18 
ANALYTICAL RESULTS 
Chemical Composition 
Synthetic alunites covering the compositional range of the 
potassium alunite to oxonium alunite series were chemically 
analyzed to investigate a possible inverse relationship between 
the potassium and hydrogen content in alunite which would 
indicate the presence of the oxonium ion and to determine the 
relationship between the percent.K-saturation in the starting 
solution and the potassium content in the synthesized alunites. 
Table 3 gives the chemical and physical conditions under 
which each alunite sample was synthesized and data on the yield 
of alunite from each experiment.  Table 4 gives the chemical 
analyses of a series of alunite samples synthesized at 150°C 
and 6 bars.  Since the number of potassium, aluminum, and sulfur 
ions per fourteen oxygen ions are almost always nonstoichiometric, 
the total number of hydrogen ions required to fill each site 
was determined using the following assumptions:  (a)all six 
hydroxyl sites are filled with six hydrogen ions, (b)the 
12-coordinated potassium site is filled with three hydrogen 
ions in the form of H,0 for each deficient potassium ion, 
(c)three hydrogen ions replace each deficient octahedral 
aluminum ion, and (d)four hydrogen ions replace each deficient 
4- 
sulfur ion in the form (H,0.)  . This total number of hydrogen 
4 4 
ions was compared to the number of available hydrogen ions 
calculated from the chemical analysis by taking the difference 
19 
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between the two.  This difference in hydrogen ions, AH, is also 
expressed as an equivalent weight percent of H„0. 
All but two of—the chemical analyses add up to.less than 
100% with the lowest at 96.49%.  This may be due to inaccuracies 
in the analysis of each element, especially hydrogen (based on 
a water analysis) in the low-potassium alunites which is caused 
by the overlap in the thermal evolution of water and;sulfur 
dioxide in the thermogravimetric analyses.  A check of the water 
analyses was attempted using the method of Shapiro and Brannock 
(1962) from which results of about 29 and 32 weight % H20 were 
obtained from the end-member oxonium alunite.  These results are 
higher than expected and may be due to water adsorbed on the 
tube.  There were neither other elejnents present in the 
alunite samples as determined from EDS analysis of single 
crystals nor other phases present as determined by x-ray powder 
diffractometry. 
The morphology of the rhombohedral alunite crystals remains 
the same throughout .the series as shown by scanning electron 
micrographs of crystals representative of the two end-member 
compositions(Figure 2).  This sugggests that the. basic alunite 
+   + 
structure does not change significantly as the K /H,0 ratio 
changes. 
Figure 3 shows the number of aluminum, sulfur, and hydrogen 
ions per fourteen oxygen ions plotted agains the atomic percent 
potassium as calculated from the chemical analyses.  It is 
,22 
Figure 2.  Scanning electron micrographs of alunite. 
a) Potassium alunite(R-55) 
b) Oxonium alumite(R-48) 
23 
24 
Figure 3.  Stoichiometric relationships of hydrogen, aluminum, and 
sulfur ions in the alunite series. 
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evident that every element is nonstoichiometric and this is 
especially true for sulfur. Only the two extreme compositions 
show stoichiometric aluminum contents.  The amount of hydrogen 
is always greater than the stoichiometric amount whereas both / 
aluminum and sulfur are deficient and show an inverse relationship 
in terms of the degree of nonstoichiometry.  The nonstoichiometry 
of sulfur in alunite has not been recognized before because all 
.previous investigators made the assumption that sulfur was 
stoichiometric when they calculated a chemical formula- for 
alunite.  The deficiency of aluminum noted by previous 
investigators(Parker, 1962; Brophy et al., 1962) was confirmed. 
The results given in Table 4 and Figure 3 indicate that the 
oxpnium ion replaces potassium and that excess hydrogen in the 
structure charge balances the deficiency of aluminum and sulfur 
ions.  The number of hydrogen ions per fourteen oxygen ions 
always exceeds the theoretical number of hydrogen ions in the 
ideal potassium to oxonium alunite series which lends credence 
to the proposed replacement of potassium ions for oxonium ions 
in the 12-coordinated interiayer site.  Figure 4 shows that 
hydrogen ions charge balance the aluminum ion deficiency through 
a 3:1 ratio; the slope between R-66 and R-52 is 3.2 hydrogen 
ions per aluminum ion. 
The number of hydrogen ions associated with tetrahedral 
sulfur vacancies cannot be quantitatively estimated although a 
qualitative assessment can be made on the two end-member synthetic 
27 
Figure 4.  Relationship between the number of hydrogen and aluminum 
ions per fourteen oxygen ions for four alunite samples in 
which the number of potassium and sulfur ions per fourteen 
oxygen ions are constant. 
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alunites that have stoichiometric aluminum, namely R-71 and R-48. 
Both alunites have more hydrogen ions than are needed to fill the 
vacant potassium sites as seen in Figure 3; the excess hydrogen 
ions may help to charge balance the sulfur deficiency possibly 
4- in the configuration (H,0.)   in the sulfur site since the basic 
oxygen framework is assumed to be maintained.  The structural 
4- 
unit (H,0.)  was suggested by McConnell to explain (1)silicon 
ion deficiencies coupled with an excess of water in garnetoids, 
hydro garnets-, and apatites(1942, 1952, 1973) and (2)sulfur 
deficiencies coupled with an excess of water in ettringite, 
a sulfate(McConnell and Murdoch, 1962).  The existence of the 
4- tetrahedral hydroxyl unit (H,0,)  was demonstrated byj the 
neutron powder diffraction analysis of Ca-Al„(0,D,),(Forman, 1968) 
A chemical formula for each alunite sample in the series 
was calculated from its chemical analysis(Table 5).  The hydrogen 
ions were alloted to the various sites in the following order: 
(l)six hydrogen ions were used to fill the structural hydroxyl 
quota, (2)three hydrogen ions were assigned for each potassium 
ion vacancy to form H_0 , (3) four hydrogen ions were alloted ,to 
4- 
each sulfur vacancy to form the unit (H,0,)  , and (4)three 
hydrogen ions were assigned to each aluminum ion deficiency. 
Using the^arbitrary hydrogen ion assignment procedure out- 
lined above, the chemical formulas for the high-potassium 
alunites(R-55, 66, 54, 53, 52, and 50) come close to filling all 
the sites.  R-71 has an excess of hydrogen after all the sites 
30 
Table 3.  Cheaicai ioraulas oc  Che syuchecic alunicas 
baaed on their chemical analyses. 
3.un Xuaber Chemical Foraula 
R
"
71
 * ST^U^^VI.TI^W^1*08^ 
*"**     " tK.79(H3O).21KA12.63(H3).35°.02!CSOi)1.34^i0^.i61(0K)5 
*"
5i
^.79(a30).:i1CAl2.73(H3).13C3.04]f(SO4)i.35(3iOi\l5](OH)6 
X-53 [Kt79(H30)<21][Al2i72(H3)<26 0.02] t(SOA)l#83(Hi04) pl7l(OH>6 
R
"
32
 I/K.79(H3°>.21ltA1-2.33(H3).U a.04"<SO4>l.3A(HA°J.161(0H)6 
R_31
^72(H30)_2a][Al2_s2(H,)oaa _10][(SO4)1-33(H.O.) >12](OH)6 
R
"
60
 fK.70(H30).30]CAl2.53(H3).24G.08n(SOi)1>33(H4O4)a7](0H)6        ^ 
R
-
5
° tK.M(H30).31][A12.39(H3).06°.05H(SO4)1.76(H404>.24!(0H>5 
a-59 iK.63(H30).35]CA12.76(H3).loa.l4H^O4)1_36(H4O4)>14](OH)5 
R
"
56
 tK.53(H30).47IC-U2.34°.161C(S04>1.79(H4V.l9(P°4).02I(OH)6 
a-53 ^34(H3O).66]tA12.9lC.09n(SO4)1-7r(H4O4)i0a(GOi).13](0H)6 
R
-
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(H30)1.00Al3.00^Sa4)1.50(H4°4).09(°V.3ll(OH)5 
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are filled.  However, as the potassium content decreases, this 
procedure for alloting the hydrogen ions results in vacancies 
in the octahedral aluminum site and, at very low potassium 
levels, both octahedral aluminum and tetrahedral sulfur vacancies 
result.  This deficiency of hydrogen, based on fourteen oxygen, 
ions, may be due to the overlapping thermal evolution of H„0 
and SO- so that a decision as to where H„0 evolution ends and 
SCL evolution begins is arbitrary; A better method of water 
analysis, such as an effluent gas analyzer, is needed to obtain 
a more accurate water analysis by thermal methods. 
Actually, the location, form, and concentration of the 
hydrogen ions in the alunite structure is uncertain; a neutron 
diffraction study of a potassium-, aluminum-, and sulfur- 
deficient alunite would be helpful in understanding the various 
roles hydrogen can play in the structure of solids. 
Chemical formulas, derived in the same manner as in this 
study, were calculated from the chemical analyses of synthetic  ^ 
alunites reported in the literature.  The formulas show the 
same deficiencies in aluminum and sulfur as those found in this 
study(fable 6).  Previous investigators based their chemical 
formulas of alunite on the assumption that sulfur was 
stoichiometric which appears to be an incorrect assumption as 
shown by this' study. 
Potassium is preferred over oxonium in the 12-coordinated 
site of the alunite structure.  Figure 5 shows that at the synthesis 
32 
Table 6. Chemical formulas of synthetic alunites based on chemical 
analyses from previous studies. 
'/,  oxides 
1. 2. 3. 
:<2o 0.0 9.79 11.23 
■Ma20 - 0.12 - 
A1203 31.15 32.1 36.91 
so3 
H20 
42.25 
26-. 601 
39.2 
18.791 
38.31 
14 ..012 
Total   100.00     100.00'    100.33 
Number of ions based on fourteen oxygen ions 
K        0.0       0.82      0.98 
Na        -        0.02 
Al       2.15       2.48       2.97 
S        1.36      1.92      1.95 
H       10.40       8.20       6.38 
Number of hydrogen ions to fill each site 
Hydroxyl 6.0 6.0 6.0 
K 3ite 3.0 , 0.48 0.06 
Al site 2.55 1.56 0.09 
S site 0.56 0.32 0.20 
Tocal 12.11 8.36 6.35 
AH3 -1.71 -0.16 +0.03 
Chemical Formulas 
1. (H30)[Al2-15(H3)<28a>57][(SO4)1-86(H4O4)14](0H)6 
2. CK>32Na.02(H30)_16][Al2>48(H3)-47a05][(SO4)1<92(H404)i08](0H)6 
3
-  ^98(H3O)>02][Al2i97(H3)>03][(SO4)1-95(H4O4)05](OH)6 
1. Kubisz(1970): Sample no. S-ll;  synthesis conditions: about 140 C in an 
autoclave, no pressure stated, 0.3 M Al_(S04).'18H.0 solution. 
2. ?arker(1962):  Sample no S-l;  synthesis conditions:  100°C, 1 bar, 0.04 M K2S04 
and 0.04 M Al.OOJ,-ISH-O solution(equivalent to 300Z K-saturation). 
3. 3rophy et al.(1962): Table VI, sample no. II-6;  synthesis conditions:  105 C, 
2 bars,. 0.25 M K,S04, 0.3 M Al? (S04> •18H,0, and 0.1 M H,S04 solution 
(equivalent to 94% K-sacuration). 
computed by difference 
7 o 
"weight loss in percent at 500 C;  K-0, A1.0-, and SO, analyses on residue 
, i. L   i j 
number of hydrogen ions based on fourteen oxygen ions minus~total number 
of hydrogen ions required to fill all structural 3ites 
33 
Figure -51 Relationship between the atomic % K in synthetic alunite 
and the % K-saturation of the starting solution for synthesis 
conditions of 150 C and 6 bars. 
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conditions of 150°C and 6 bars the solution must have a K- 
saturation of less than about 20% before the potassium content 
in alunite drops below about 70 atomic %.  It is also interesting 
to note that even at 120% K-saturation, the resulting alunite 
does not have the stoichiometric content of potassium. 
There is a linear relationship between the weight percent 
of potassium oxide obtained by chemical analysis and the 
calculated atomic percent of potassium in the 12-coordinated site 
of the synthetic alunites(Figure 6) which is not significantly 
affected by cation deficiencies in ojfcher sites.  It should be 
possible to use this relationship to determine the atomic 
percent of potassium in the 12-coordinated site in natural 
alunites from the (fhemically determined weight percent of K_0. 
In summary, an atomic substitution series exists between 
potassium alunite and oxonium alunite, although it is not 
possible to synthesize an alunite containing 100 atomic % 
potassium in the 12-coordinated site from a 120% K-saturated 
solution at 150°C and 6 bars.  A deficiency„of sulfur, whxch 
was not recognized by previous investigators, occurs in all 
samples of the synthetic alunite series.  The deficiency of 
aluminum, which was reported in previous studies, was confirmed. 
Hydrogen ions are incorporated in the structure of alunite to 
charge balance the aluminum and sulfur deficiencies although 
exactly how they are incorporated into the aluminum(octahedral) 
and sulfur(tetrahedral) sites is not clear. 
36 
Figure 6. Relationship between weight % K„0 to atomic % K in the 
potassium alunite to oxonium alunite series. 
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V 
X-ray Crystallography and Structure 
All the experimental products of the potassium alunite to 
oxonium alunite series were analyzed by x-ray powder diffracto- 
metry to determine the relationship between chemical composition 
and unit cell dimensions.  The resultant x-ray powder diffraction 
data and calculated cell dimensions are given in Table 7.  The 
d-spacing of three reflections which are sensitive to changes 
in chemical composition, (101,003), (012), and (006), are 
plotted against atomic percent potassium in Figure 7.  The 
calculated cell parameters and the intensity ratio of the two 
most intense reflections, (012) and (021, 133), plotted against 
atomic percent potassium are shown in Figures 8 and 9, 
respectively. 
As a function of atomic percent potassium, the d-spacings 
for the (101, 003), (012), and (006) reflections and the lattice 
parameters of the synthetic alunites in the series may be 
represented as smooth curves. With a decreasing potassium 
content, the following changes take place: 
a) the d-spacings of the (101, 003) and (012) reflections 
decrease 
b) the d-spacing of the (006) reflection decrease's 
linearly 
r
 c)  c . decreases 
o 
d)  a remains constant 
o 
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Figure 7.  D-spacings of selected (hkl) planes as a function of 
atomic % K. 
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Figure 8^ Unit cell dimensions and unit cell volume as a function 
of atomic % K. 
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Figure 9.  Intensity ratio of (012) to (021,113) as a function of 
atomic % K. 
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e) the cell volume decreases 
f) the c/a ratio decreases. 
The decrease of the d-spacings and c with decreasing 
atomic percent potassium indicates that the oxonium ion with 
its smaller ionic radius is replacing potassium in the 12- 
coordinated interlayer site, thereby resulting in a closer 
approach of the T-O-T layers in the direction [0001]., The 
oxonium ion has been shown by numerous experimental and 
theoretical studies to have an 0-H bond length of about 1.0A. 
Other x-ray powder diffraction studies by Kubisz(1970) and 
Brophy -and Sheridan(1965) on synthetic alkali-deficient alunites 
and jarosites also showed the decrease in c observed in this J o 
study.  The replacement of potassium by oxonium has little 
dimensional effect in the (001) plane as shown by the constant 
a cell dimension, 
o 
In addition to changes in the d-spacings and the c lattice 
parameter, the intensity of selected diffraction maxima also 
changes with decreasing potassium content in alunite.  For * 
example, the intensity ratio, I/Q12N /If021 113V §eIlerally 
increases with decreasing potassium content(Figure 9). 
The d-spacings and lattice parameters of the synthetic 
alunites prepared in this study are also affected by the 
nonstoichiometry of both aluminum and sulfur. As aluminum 
becomes more nonstoichiometric arid the potassium and sulfur 
' ' '      - *     '       . 
contents remain constant in alunite samples R-66, 52, 53, and 54, 
a" increases slightly, c decreases slightly, and the cell 
volume remains constant(Figure 10).  This suggests that as 
aluminum becomes more nonstoichiometric, the length of the 
oxygen-oxygen bonds in the octahedral layer may increase, thus 
causing the T-O-T layers to spread out, increase a , and 
therefore.decrease c .  A similar argument based on the spreading 
of the T-O-T layers was used by Brophy et al.(1962)  to explain 
the increase .in a and decrease in c associated with the 
o o 
3+     3+ 
replacement of Al  by Fe  in the alunite-jarosite solid 
3+ 
solution series.  In thxs case, the Fe  has a larger ionic 
3+ 
radius than Al  which results in lateral spreading of the T-O-T 
layers. 
The effect of sulfur nonstoichiometry on the unit cell 
dimensions is more difficult to assess than that of aluminum, 
because there is no group of synthetic alunites among those 
prepared in this study that have'a fixed potassium and aluminum 
content per fourteen oxygen ions and a large range of sulfur 
nonstoichiometry.  In Table 8, however, two pairs of synthetic 
alunites are compared. With a decreasing potassium and 
aluminum* content, c would be expected to decrease markedly 
if the sulfur content was constant; instead c increases when 
o 
R-71 is compared with R-55 and remains about the same when R-50 
is compared with R-59.  This increase is c with increasing 
2- 
sulfur stoichiometry indicates that either the SO,  tetrahedra 
/i   ■ • ' ' 4- 
ar& inherently larger than the (H.O.)   tetrahedra or the 
49 
Figure 10.  Effect of aluminum deficiency on the unit cell 
dimensions and tHe unit cell volume. The crossed lines 
represent error bars. 
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4- 2- introduction of (H,0.)  in place of SO,  allows a closer 
approach of the alunite T-O-T layers "possibly through strong 
hydrogen bonding.  X-ray diffraction studies show that 
deuterated hydrogrossularite [Ca~Al„ (D, 0,)' ] has an a equal 
J to 12.5755$(Foreman, 1968) whereas grossularite [Ca Al (SiO ) J 
has a smaller a equal to 11.851A(Skinner, 1956).  From neutron 
powder diffraction data of deuterated 'hydrogrossularite, 
Foreman(1968) showed that the distance from the center of the 
distorted (D,0.) tetrahedron to the oxygen ions was approximately 
1.93A, while a single crystal x-ray diffraction study of 
jarosite by Menchetti and Sabelli(1976) showed that the 
tetrahedral S-0 bond length was only about 1.47A. these studies 
4_ 
indicate that the (H,0.)  tetrahedra in a neosilicate structure 4 4 
2- 
are larger than, the (SO,)   tetrahedra in the alunite structure 
4- 
whereas the results of this study suggest that the (H,0,)' 
2- tetrahedra are smaller than the (SO.)  tetrahedra in alunite. 
According to the Vegard relationship, there should be a 
linear relationship between the end-member cell dimensions for 
an ideal solid solution series.  In thik  study, the cell 
parameter data for the potassium alunite to oxonium alunite 
series is roughly linear with much scatter about the line, 
especially for c , which•is interpreted as additional evidence 
for the nonstoichiometry of aluminum and sulfur.  If this 
interpretation is correct and both aluminum and sulfur are 
nonstoichiometric, the c dimension and c/a ratio of the unit 
o ' 
53 - 
cell for the ideal, fully stpichiometric potassium alunite to 
alunite series will probably be greater for a given composition 
than that based on the experimental products of this study. 
-A 
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/ 
Infrared Absorption Spectroscopy ^ 
Selected samples of synthetic alunite containing varying 
amounts of potassium, their deuterated analogues, and partially 
dehydrated synthetic alunites were analyzed by infrared 
absorption spectroscopy with the objective of qualitatively 
determining (a)the nature of the interlayer species in alkali- 
deficient alunites and (b)the possible existence of cation 
vacancies and compensating protons in the tetrahedral and 
octahedral sites. ^ 
The principal features in the infrared absorption spectra 
of the synthetic alunites can be assigned 'to two groups: 
(a)vibrations involving species composed of oxygen and hydrogen 
(or deuterium) such as H-0 , OH , and A1-0H and their deuterated 
analogues and (b)vibrations involving the sulfate group.  The 
spectra of a high-potassium alunite and ,a potassium-free alunite 
and their deuterated analogues are compared in Figures 11 and 
13, respectively.  The assignment of vibrational modes for these 
four spectra are given in Table 9. 
Infrared absorption maxima have been assigned to oxonium 
ion vibrations in solids.  The oxonium ion has a free ion 
symmetry of C_ ; therefore,"there are four infrared-active modes 
that are characteristic of its infrared spectrum.  These four 
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Figure 11.  Infrared absorption spectra of the end-member alunites. 
- a) Potassium alunite(R-71) .1 
b) Oxonium alunite(R-48) 
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fundamental frequencies were found to occur in solids in the 
ranges:  3500-2450 cm  for the stretching modes v and v», 1750- 
1600 cm  for the bending mode v., and 1200-1000 cm  for the-] 
bending mode \>   (Table 10).  Fixed stretching frequencies for 
the v, and v_ stretching modes of the oxonium ion cannot be 1  •*>• 3       — ° 
assigned because, they are a function of donor-acceptor distances 
in the hydrogen bonds formed(Williams, 1976).  Based on the 
coordinate calculations of Basile et al.(1974), as the H-bond 
is shortened below the 0 0 Van der Walls sum, there is a 
reversal in frequency such that v.. becomes greater than v,. 
As long as vibrations from other groups in the structure do not 
overlap those of H_0 , the four vibrations should be observed 
when H»0 is in a 12-coordinated site since the oxonium ion 
retains its C_  symmetry.  In the case of alunite, the unique 
H,0 v« bending vibration is obscured by the intense sulfate 
vibrations in the range.1300-1000 cm , and the HO v, 
vibration is obscured by the H„0 v„ vibration at 1640 cm 
which results from water adsorbed on the KBr pellet or possibly 
from fluid inclusions present in the alunite.  This leaves 
only the v and v, stretching vibrations at the high frequency 
side of the infrared absorption spectra. 
/ 
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Table 10.  Assignment of oxonium vibrational frequencies 
from previous investigations. 
Compound 
H_0+C10"  . 3    4(s) 
H30+N°3(S) 
H30+HS°4(s) 
H3°Uq) 
H30 CH3C6H4S03(s) 
Muscovites 
Uranyl arsenates 
H»0 Vibrations(cm ) 
Vl    V3 V4 V2 
2820 3220 1670 1020 
2780 2780 1680 1135 
2840 2840 1620 }160. 
3380- 2650- 1705- 1150- 
3150  2468 1670 1050 
5500-2500 1665 1125 
3472 1723 - 
2900 1700 1150 
References 
1 
2 
2 
3 
4 
5 
6 
H20(25UC) 
H_0 Vibrations(cm ) 
Vl ,  V3    V2 
3400-  3420  1640 
Fournier et al.(1969) 
2 
Savoie and Giguere(1964) 
Gillard and Wilkinson(1964) 
4Basile et al.(1974) 
White and Burns(1963) 
6Wilkins et al.(1974) 
\ 
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Table 11.  Unique infrared absorptions characteristic of 
oxonium alunite and its deuterated analogue. 
Frequency(cm )       Possible assignment 
3440 H 0+(v or v ) 
HO (v., or v.) 
3100-2800 H30+(v or v3) 
2540 D30+(vl °r v3^ 
2490 D30+ 2v4 
1700-1640 • H20 v2 
H30+ v4   ... 
61 
As seen in Figure 11, the major .difference in the infrared 
spectra of high-potassium alunite and oxonium alunite occurs 
on the low frequency side of the sharp OH stretching frequency 
at 3480 cm  .  The absorption in this region must be due to 
vibrations of oxygen-hydrogen functional groups(Table 11) 
because when potassium alunite is heated -to 340°C the OH band    >• 
at 3480 cm  becomes very sharp arid narrow and has no absorption 
band on its low frequency side; there is a concurrent weight 
loss of about 7 percent which has been ascribed to H^O loss. 
As the atomic percent potassium decreases, a shoulder at 3440 cm 
increases until it is almost as intense as the OH maxima 
(Figure 12).  This shoulder has-been assigned to the H_0 
(v. or v_) stretching vibration since H_0 reportedly can 
occupy a 12-coordinated interlayer site im a, mica-like 
phyllosilicate(Bauer and Sclar, 1977) and has been assigned a 
vibrational stretching frequency in this region by other 
investigators.  Molecular H_0 has been assigned frequency bands 
due to v and v_ "vibrations in the 3420-2400 cm  region.  Since 
the H„0 \)„  vibration at 1640 cm  is weak, shows no variation 
with atomic percent potassium in alunite, and has about the 
same intensity as that of the (v and v.) vibrations in liquid 
62 
Figur^"12.  Infrared absorption spectra of four alunites with a 
range of atomic % K in the 4000-2500 cm  region. 
a) R-55  * 76 atomic % K 
b) R-56    53-atomic % K - 
c) R-58    34 atomic % K 
d) R-48     0 atomic % K 
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2500 
H-0(Fabbri, 1959), it seems highly improbable that the shoulder 
at 3440 cm  could be due to the (v.. and v_) vibrations of H..0. 
It is concluded, therefore, that the vibration at 3400 cm  is 
due to the HO (\>    or v )  vibration in the alunite structure. 
Adjacent to the OH band and H_0 shoulder, there is a 
broad, moderate-weak band in the range 3400-2500 cm  that varies 
in shape according to the potassium content and decreases in 
intensity for samples that have been heated.  In the high- 
potassium alunite spectra the band changes intensity fairly 
linearly whereas in the pjotassium-free' alunite spectrum it rises 
sharply and then plateaus in the 3100-2800 cm  region.  In 
potassium alunite this band may be due to the vibration of 
hydroxyl ions at sites in the lattice independent of the normal 
six hydroxyl sites per fourteen oxygen ions(nonframework hydroxyl 
ions), such as hydroxyl ions associated with the tetrahedral 
sulfur sites.  In oxonium alunite, the plateau may represent the 
other H_0 (v.. or v_) stretching vibration in addition to .some 
vibration from the nonframework hydroxyl ions associated with the 
sulfur site. 
-v/> 65 
In order to (l)resolve the oxonium absorption band from the 
hydroxyl absorption band and (2)shift the other oxonium vibra- 
tions especially the unique H_0 v~ vibration, to unobscured 
regions of the spectra, the deuterated analogues of potassium 
alunite and oxonium alunite were synthesized.  Some contamination 
by atmospheric water vapor during solution preparation was 
unavoidable; therefore, it was anticipated that the resulting 
deuterated alunite samples would be contaminated with some 
hydrogen.  Infrared absorption spectra of the deuterated alunites 
show the predicted shift of the OD stretching vibration to lower 
frequencies(Ryskin, 1974); namely, v(OH)/v(OD) for deuterated 
potassium alunite equals 1.35. 
As seen in Figure 13, the infrared absorption spectra of 
deuterated potassium and oxonium alunite are different on the low 
frequency side of the intense OD band at 2580 cm . The detailed 
structure in this region is very similar to the OH region of their 
respective nondeuterated alunite analogues(see Figure 12). 
+ -1 
The OD band in the spectrum of D„0 alunite at 2580 cm  is 
broader on the low frequency side of the OD maximum than it is in 
the spectrum of deuterated potassium alunite and has a discrete 
-1 + 
shoulder at 2540 cm  .  This shoulder is assigned to the D,0 
(v or v„) stretching vibration for three reasons:  (l)the 
shoulder disappears in the deuterated potassium alunite infrared 
66 
r 
Figure 13.  Infrared absorption spectra of the deuterated 
end-member alunites. 
a) Deuterated potassium alunite 
b) Deuterated oxonium alunite 
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spectrum which makes  the assignment of adsorbed hydrogen-bonded 
D-0(Yukhnevich,   1963)  to this adsorption band untenable,   (2)the 
v(H-0  )/v(D_0 )   shift,  using  3440  cm      for the  oxonium vibration, 
equals  1.3.5 which is  the same as  the   v(0H)/v(0D)  shift,   and  (3) 
the  intense shoulders assigned to H_0    and DO     (v..   or  v,) 
+ + 
stretching vibration in HO    and D,0    alunite,   respectively,  have 
about the same intensity relative to their respective OH(OD) 
absorption maxima. 
Another shoulder at 2490  cm      on the 0D absorption maxima is 
of moderate intensity and has no distinct analogue in the OH 
region of the oxonium alunite spectrum.     This vibration band may 
be  due  to the absorption of D.O    2v    by analogy with the assign- 
ment of similar-intensity absorptions at 2480 cm      in the spectra 
of deuterated solid acid monohydrates by Fournier et al.(1969). 
The plateau in the 2300-2100  cm""    region of the D-0    alunite 
spectrum is analogous  to the plateau in the  3100-2800  cm      region 
+ + 
of H_Q    alunite and it may represent the other D_0     (v    or v  ) 
stretching vibration.     The  intensity of the absorption in this 
region(2300-2100  cm    )  is not entirely due  to  deuterated species; 
some is a contribution from a very weak absorption in the 2350- 
2150  cm      region of the nondeuterated alunite spectrum which is 
assigned to a sulfate overtone stretching vibration(Wilkins et al., 
1974)   and to the  first overtone of the A1-0H bending vibration 
(Hunt et al. ,   1971),  although in the  deuterated alutiites the 
69 
absorption of the A1-0H vibration will be relatively in- 
significant. 
In the spectra of the deuterated- alunites, an intense; 
well-resolved band occurs at 850 cm  which is-assigned to the 
A1-0D 6(bending) vibration on the basis of studies on alunite 
(Kubisz, 1972) and hydrated gallium sulfates isos'tructural with 
alunite(Petrove et al. , 1966).  This band probably does not 
contain a significant absorption component from the D_0 Vi 
bending vibration(850 cm  X 1.35 = 1147 cm ) which is assign- 
able to the H-0 v. vibration as given in Table 10 since (a)it 
has the same relative intensity in both the deuterated potassium 
alunite and the deuterated oxonium alunite spectra and(b) it has 
the same relative intensity in a sample of deuterated potassium 
alunite pressed in KBr and heated at temperatures up to 400 C . 
+     + 
which should destroy the H,0 or D,0 ion.  The latter suggests 
that the aluminum ions in the octahedral site are bonded to the 
hydroxyl ions that make up the basic alunite structure; this is 
substantiated by several x-ray diffraction studies on the 
structure of alunite(Menchetti and Sabelli, 1976; Wang et al., 
1965; Hendricks, 1937). 
Six fundamental frequencies of the sulfate ion occur in 
alunite infrared absorption spectra in two regions; namely, 
1300-1000 cm" and 700-500 cm" .  The sulfate vibration assign- 
ments in this study were based on those given for alunite by 
70 
Moenke(1962,   1966;     referenced in Farmer,   1974)   and Kubisz (19-72). 
The  sulfate v.  vibration at  1080  cm      in spectra of alunite 
'shifted to  1120   cm      in all spectra of  deuterated alunite;     it  is 
characteristic of sulfate vibrations  to exhibit  frequency shifts 
.    in  different environments. 
In summary,   it  appears  that  the  absorption at  3440  cm      in 
the  infrared spectra of oxonium alunite can be ascribed to the 
HO     (v..   or v_)  vibration.     A plateau at  3100-2800  cm      in the 
H„0    alunite spectra may be  due to  the other of the  two H_0 
(v..or v,)  vibrations,  although overlap with vibrations of 
hydroxyl ions  associated with the sulfur site makes   this  assignment 
somewhat uncertain.     The "spectra of  deuterated oxonium alunite 
and deuterated potassium-rich alunite have permitted valuable 
independent  checks on the assignment of vibrational frequencies 
in alunite. 
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7-* 
Thermal Analysis 
The thermal analysis of the potassium alunite to oxonium 
alunite series was undertaken to determine the effect of 
temperature on the oxonium ion and the other components of the V ~ 
alunite structure. 
Several samples in the alunite series were analyzed by the 
thermogravimetric method.  Figure 14 shows thermogravimetrie 
curves for three alunite samples containing different amounts of 
potassium.  X-ray powder diffraction patterns were taken of 
potassium alunite and oxonium alunite at various temperatures 
(Tables 12 and 13) and infrared absorption spectra were obtained 
of heated samples of deuterated potassium alunite(Figure 15) and 
deut.erated oxonium alunite (Figure 16). 
Dehydration at 450 to 500 C is the first step in the thermal 
decomposition of ideal 100 atomic, % K alunite: 
KA13(S04)2(0H)6 + KA1(S04) + Al^ + 3^0+ 
62.3 24.6 13.1 wt.   % 
The second step is .the  desulfurization of dehydrated potassium 
alum in the  range  600 to  1000°C(Slansky,   1973): 
2KA1(S04)2 + K2S04 + A1203+ 
DTA analyses of natural alunite samples  that  are considered to 
have  the K-rich end-member  composition have  two endothermic 
reactions beginning at  450-50d°C and  750-800  C which  represents 
72 
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Figure 14. Thermogravimetric curves for three alunites 
containing varying amounts of. potassium. 
a) R-55    76 atomic % K 
b) R-56    53 atomic % K 
c) R-48     0 atomic % K 
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Tablar12.     Efface of  taoperacura' on tha x-ray powder diffraction 
paesarn of pocassivsa-rAch. aluaica (3.-55). 
Alunisa 
hkl d, 1 ; 
5.739 
C 
>\ 
11 
325°C 
d,   i I/I 0 
498°C 
d,  1 I/I 0 
500°C 
d,  X I/I 3 
NAKSO/J-, 
JCPDS :to7 
23-767 
d, 2 I/IO 
101,003 5.728    15 
012 4.936 53 4.975    49 
110 3.509 22 3.497    23 
021,113 2.994 100 2.989 100 
'006 2.381 5 2.395      8 
024 2.485 4 
* 
ad 
205,107 2.234 29 2.292    25 
122 2.220 5 2.210,     3 
009 
303 
1.909 27 1.905 "26 j- 
220 1.753 13 1.747    13 . 
8.05      15 3.056    23 3.053    19 7.986     25 
3.652 100    3.647 100    3.654  100    3.63$ 100 
ao, I 7.014(3) 
CQ)  % 17.30(2) 
Call'vol., X3 736.9(7) 
;
 c/a        2.467 
6.988(3) 
17.35(1) 
733.9(7) 
2.483 
2.367    40 
2.362    30 
2.367 35 2.358 50 
2.670 12 2.663 15 
2.365 23 2.361 25 
2.273 3 2.264 a 
1.823 13 1.319 13 
aoc daeeceed 
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the dehydration and desulfurization reactions, respectively, as 
shown by weight loss and x-ray diffraction analysis(Gad, 1951). 
Reported thermal decomposition studies of natural alunites show 
only these two reactions(Fink et, al., 1931; Knizek and Fetter, 
1947; Bayliss and Koch, 1955) whereas the DTA analysis of a 
synthetic potassium alunite showed an endothermic reaction 
beginning at about 280°C(Bayliss and Koch, 1955). 
The weight loss curve(Figure 14a) of a synthetic potassium- 
rich alunite shows three discrete, well-defined weight losses 
occuring at 170 to 325°C, 350 to 500°C, and 500°C to at least 600°C. 
The first weight loss of 7 percent in the range 170 to 325°G •. n 
represents the loss of oxonium ions, hydrogen ions that charge 
balance the aluminum and sulfur deficiencies, and some of the basic 
framework hydroxyl ions(i.e., the six hydroxyl ions per 14 oxygen 
ions).  If all the hydrogen ions associated with the oxonium ions 
and the aluminum sulfur deficiencies in the formula for R-55 
reacted with oxygen from the alunite structure to form H„0, a 
weight loss of 4.3 weight % ELO would result. The additional 
2.7 weight % loss(7.0 - 4.3 = 2.7) probably results from the loss 
of some of the basic framework hydroxyls. 
The explanation of the 7 weight % loss is substantiated by 
x-ray diffraction analysis and iafrared spectroscopy of the 
heated alunite.  X-ray diffraction patterns of-the synthesized 
potassium alunite heated at temperatures in the range 170 to 
79 
325 C(Table 12) show that dehydrated potassium alum begins to 
form at 225 C but that at 325 C it is still only a minor phase. 
The a and c  lattice parameters of alunite heated to 325 C are 
6.988(3)A and 17.35(1)A, respectively(the numeral in parentheses 
represents the standard deviation in the last numeral after the 
decimal point).  Compared to the lattice parameters of this 
sample dried at 110 C, a decreased from 7.041(3)$ and c i o o 
decreased from 17.30(2)A.  It is ,not clearly understood why this 
happens though it is obviously related to the initial thermal 
breakdown of the alunite structure. Parker(1962) noted the same 
change in the lattice parameters(but not the appearance of 
dehydrated potassium alum) when synthetic potassium alunite was 
heated at 300 C; he ascribed this change to the removal of HO • 
from the interlayer sites although he did not determine the 
weight loss of his samples.  Brophy and Sheridan(1965) produced a 
thermogravimetric curve for a typical synthetic jarosite that 
showed a weight loss of about 3 percent between 120 and 150 C 
which they attributed to the removal of absorbed water, and 
another weight loss of about 4 percent between 200 and 300 C 
the cause of which was not discussed.  They noted that heating 
synthetic jarosites to 300 C produced changes in the cell 
dimensions and in the intensities of the diffraction maxima 
although no data were given. 
Infrared spectra of a pressed pellet of deuterated potassium 
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alunite in KBr heated at temperatures in the range 150 to 400 C 
(Figure 15) show that the wide side bands on the low frequency- 
side of the OH and 0D stretching vibrations completely disappear 
at about 300 C and the OH and OD bands become very sharp thus 
indicating that all the H.O and the hydrogen ions associated 
with the nonframework hydroxyls were removed.  Any loss 'of 
structural OH could not be determined by infrared spectroscopy 
because of the qualitative nature of the analysis. 
In summary, a weight loss in the temperature range 170 to 
325 C is evident only in synthetic potassium alunites;  it has 
not been reported in natural alunites.  This weight loss is 
ascribed to the removal of H„0 , hydrogen ions that form the non- 
framework hydroxyls, and some basic framework hydroxyls. 
The next weight loss in synthetic K-rich alunite occurs in 
the range 350 to 500 C with the highest rate of weight loss 
occuring at about 450 C.  The x-ray powder diffraction pattern of 
alunite heated at 500 C shows only the reflections of KA1(S0.) 
and a very low broad maxima (17-37 26 for Cu Ka radiation) 
attributed to an x-ray amorphous material.  Therefore, this 
weight loss of 10.4 percent is due to the complete dehydroxyla- 
tion of the alunite structure.' Theoretically, the weight loss 
should be 13.1 percent if it was due solely to the six hydroxyl 
ions per 14 oxygen ions of the alunite structure.  The,difference 
between the theoretical and actual weight loss is 2.7 percent, 
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Figure 15.  Infrared absorption spectra of deuterated potassium 
alunite heated at various temperatures. 
a) 150°C 
b) 200°C 
c) 225QC ; 
d) 277°C 
e) 340°C 
f) 400°C 
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which is exactly the weight loss attributed to the loss of the 
basic framework hydroxyls in the 170 to 325 C temperature range. 
Above 500 C another weight loss occurs which is attributed 
to the desulfurization of KAKSO.K.  The x-ray powder diffraction 
pattern of alunite heated at 600 C showed all the reflections of 
KA1(S0.)  (JCPDS card number 23-767) and only a trace of "the 
broad diffraction maximum at 19 to 25 20.  This indicates that 
with increasing temperature, the crystallinity of KA1(S0,)„ 
improves, which neither proves nor disproves that desulfurization 
occurs at this temperature. 
As the atomic % potassium in the synthetic alunite decreases 
to 53 percent, the first discrete weight loss merges with the 
weight loss due to the.dehydroxylation reaction(Figure 14b);  at 
the oxonium end of the series(Figure 14c) the thermogravimetric 
curve is virtually smooth and continuous with no discrete weight 
losses resolved. This may indicate that the thermal destruction 
of the oxonium ion causes the entire structure to break down 
gradually.  X-ray diffraction analysis shows that the structure 
of oxonium alunite remains unchanged to 190 C(Table 13). Above 
this temperature the two strongest peaks split' and begin to 
broaden and lose intensity until they disappear leaving a weak 
broad maximum in the range 17 to 35 29 at- 490 C.  The peak 
splitting is probably due to a lowering of the crystal symmetry. 
The same peak splitting occurs in oxonium alunite containing 15 
.85 
atomic % K synthesized at 250 C, but peak splitting is absent in 
oxonium alunite containing 27 atomic % K synthesized at 200 C 
(Figure 16) . Another possible explanation for the splitting is the 
presence of another phase, though no known phase of aluminum 
sulfate, aluminum oxide, or any other compound of reasonable compo- 
sition listed in the JCPDS file match the new reflections. 
The infrared absorption spectrum of deuterated oxonium 
alunite1 heated at 250 C(Figure 17) is identical to oxonium alunite 
heated at the same temperature and has some intriguing features. 
One feature is that the OD stretching vibration at 2580 cm 
disappeared while the OH absorption band split into two narrow, 
intense maxima at 3550 cm .  This suggests that the deuterium 
was selectively removed from the alunite structure.  Another 
feature is the appearance of three well-resolved bands that are 
in about the same positions as the H,0  (v, and vJ and v, 
vibrations in the oxonium alunite infrared adsorption spectrum 
(Table 11).  A very narrow band at 3420 cm  with almost the same 
intensity as the neighboring OH bands may represent the HO 
(v, or v.) vibration;  the coincidence of the position and 
relative intensity with the HO  (v, or v,) band at 3440 cm  in 
oxonium alunite is striking.  A broad, weak-to-moderate band in 
the region 3150-3000 cm ^ is in the same region and has about the 
same relative intensity as the plateau assigned to the other 
H„0  (v,  or v_) vibration in oxonium alunite.  The third well- 
86 . . ' 
Figure 16.     X-ray diffraction patterns of oxonium alunite 
synthesized at 250°  and 200°C. 
a) 250 C  (contains  15  atomic %,K) 
b) 200°C  (contains 27 atomic % K) 
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Figure 17.  Infrared absorption spectrum of deuterated oxonium 
alunite headed at 250 C. 
Note:  Deuterated oxonium alunite heated at 300*C 
and oxonium alunite heated at 250 C have 
exactly the same infrared spectra as shown 
in this figure. 
89 
(%)NOISSIWSNVU±' 
90 
O o 
o 
resolved band is  at  1550 cm    .     This band may  correspond to  the 
H_0    v    vibration  although  there  is no  absorption band equivalent 
to  it  in the  oxonium alunite  spectrum and it  is outside  the  range 
of vibrations  assigned to H.O    v,   in other solids(Table  10). 
In summary,   synthetic potassium alurf^te shows three discrete 
weight-loss  increments with.increasing temperature:     (l)removal 
as  H„0 of hydrogen ions  that make up  the H„0    ion,  the nonframe- 
work hydroxyl ions,   and some of the  framework hydroxyl ions, 
(2)dehydroxylation of the alunite  structure,  and  (3)desulfuriza- 
tion.     With  decreasing atomic percent potassium,   the  different 
weight  loss  reactions overlap until a linear weight  loss  curve 
occurs for oxonium alunite.     The weight  loss  reactions  cannot be 
resolved at  discrete temperature intervals  in oxonium alunite. 
However,   the selective thermal removal of  deuterium relative to 
hydrogen from the structure-of deuterated oxonium alunite heated 
at 250 C was shown by infrared spectroscopy and the assignment in 
this heated structure of oxonium vibrations to  three well- 
resolved infrared bands was made. 
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Relationship of Optical Properties to Composition 
The optical properties of the synthetic potassium alunite 
to oxonium alunite series were measured to determine the effec£ 
of changing chemical composition op refractive index, and, more 
specifically, to determine whether it is possible to use 
refractive index measurements as a guide to the potassium content 
of alunite. 
The omega(OJ) and epsilon(e) refractive indices plotted as a 
function of chemical composition in atomic percent potassium are 
shown in Figure 18.  These data show a general trend of increasing 
refractive index with decreasing atomic percent potassium though ^ 
there is much scatter in the data especially at the high potassium, 
end of the series.  Therefore, the .omega and epsilon refractive 
indices can only be used to obtain a very approximate measure of 
the potassium content in alunite. 
The refractive indices are. however, sensitive to variations 
in the crystal chemistry of alunite.  There is an overall increase 
+    + in the indices as the K /H„0 ratio decreases and there is much 
scatter in the data apparently due to the nonstoichiometry of 
aluminum and sulfur. . 
In order to show more quantitatively that the refractive 
index is a function of chemical composition, the optical data 
were assessed using two different refractive' index-chemical 
composition relationships; namely, the Lorentz-^Lorenz and the 
Gladstone-Dale equations. 
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Figure 18.  Omega and epsilon refractive indices versus atomic 
% K. 
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The Lorentz-Lorenz relationship: 
(n)2-l _ 1 = K 
(n)2+2  d 
whe re 
n = the mean refractive index = (2a) + e)/3 >. 
d = density in g/cc 
was derived from the electromagnetic theory of light for an 
Isotropic medium.  The derivative formula of McConnell(1967) 
was used in this study: 
V 
. 
C5)
 -
1
 
=
 
C1R1 + C2*2 + 1.6602     . 
(nr+2 
where 
ti      = the mean refractive index: (2OJ + e)/3 
V       = unit cell volume (A ) which can be determined 
more accurately than density 
C 1,2,... = the number of ions of each species per unit cell 
1,2,... = the ionic refractiyity of each species 
The ionic refractivities for the Lorentz-Lorenz equation 
listed in Table 14 were taken from several sources.  The values 
for K and S  are from Batsanov(1961, p. 60).  The value for 
2- 
0  of 3.5, taken from Bragg(1937) p. 124) after Wasastjerna(192^3), 
was used by McConnell(1964) to calculate values fof octahedral 
3+ 4+ Al  and tetrahedral H,  in garnets and hydrogarnets.  The oxygen 
ionic refractivity of 3.01 was calculated by solving for oxygen 
using the data from synthetic alunite R-71. 
95 
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Table 14.  Ionic refractivities for the Lorentz-Lorenz relation. 
Reference 
Batsanov(1961, p. 60) 
McConn'ell(1964) 
Batsanov(1961, p. 60) 
Bragg(1937, p. 124) 
Calculated from R-71 
3L " 
McConnell(1964) calculated the ionic refractivity of H, 
as 0.70. This ya,liie was divided by 4 to get 0.175. 
Ion Ionic refractivity 
K+ 
tP> 2.24 I 
A13+(VI) 0.65 
s6+(iv) 0.04 
H+ 0.175a 
o2- - 3.5 
o2- 3.01 
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The MR (physical molar refraction) value of each alunite 
P 
sample in the series was calculated from the left-hand side of 
the Lorentz-Lorenz equation.  The MR (chemical molar refraction) 
c 
value of [each" alunite sample in the series was calculated from 
the right-hand side of the Lorentz-Lorenz equation using the 
chemical formula of each synthesized alunite(Table 5) and the 
ionic refractivities in Table 14.  The measured refractive indices 
and the calculated values of the molar refraction are given in 
Table 15. 
The agreement between MR and MR , as shown by the MR /MR ■• p      c p  c 
ratio,, is only fair at 86.8 to 89.4% using an ionic refractivity 
for oxygen'of 3.5 although the range is small(2.7 percent) for a 
large range in composition.  Therefore, a new value of 3.01 for 
the ionic refractivity of oxygen in alunite was calculated from 
R-71 because oxygen makes the greatest contribution to MR due 
to its large ionic refractivity and constant number of atoms. 
This value .for oxygen results in excellent agreement between MR 
and MR (see Table 15) with a dispersion of only 3.2 percent for 
a broad range in chemical composition. 
The Gladstone-Dale relationship: 
* ■ P      P 
d    1 100  K2 100   " 
where ^ 
K     = the refractive energy of a substance 
n     = the mean refractive index:  (2CJ + e)/3 
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\ 
d       = density in g/cc 
k 
1,2,...= the specific refractive energies of the 
components of the substance 
p 
1,2,... = the weight percentages of the components 
was originally used for liquids and is remarkably accurate for 
liquids and gases.  For solids, the accuracy is not as good al- 
though minerals, selected at random showed agreement within 5 
percent between K (the physical refractive energy) and K (chemical 
p c 
refractive energy) (Larsen and Berman, 1934). 
The specific refractive energies used in this study(Table 16) 
were refined by Mandarino(1976) using a group of pure synthetic 
compounds known as "Tutton's salts." The density of each alunite 
sample was calculated from its chemical analysis, Z=3, and the 
unit cell volume calculated from x-ray diffraction data. 
The K /K ratios range from 88.8 to 97.8%(Table 15).  This p c 
is reasonable good agreement considering the simple assumption 
that cations and anions have the same refractive energy in 
different environments.  The large range in the ratios is related 
to the totals of the chemical analyses.  The lowest totals show 
the best agreement whereas the totals near 100 percent show the 
worst agreement. 
In conclusion, the Lorentz-Lorenz relationship shows a much 
better agreement between the physical and chemical molar 
refractivities over a wide range of alunite compositions than 
does the Gladstone-Dale relationship.  This probably reflects the 
99 
Table 16.  Specific refractive energies for the 
Gladstone-Dale relation. 
ixide Specific refractive energy* 
K20 0.196 
A1203 0.242 
SO- 0.177 
H20 0.3A0 
*from Ma8darino(1976) 
100 
fact that the Lorentz-Lorenz relationship takes into account the 
different environments surrounding the ions and the number of 
atoms of each species per unit cell, whereas the Gladstone-Dale 
relationship does not. 
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Effect of Synthesis Temperature and Pressure on the 
K /H_0 Ratio in Alunite 3 —  
A study was made of the temperature and pressure dependence 
of the K /H„0 ratio in alunite with the objective-of assessing 
this ratio as a potential geothermometer and/or. geobarometer.  To 
determine the effect of temperature, four solutions with different 
percent K-saturation levels(120, 80, 20, and 10%) were each 
heated to'different temperatures(100, 150, 175, 200, and 250°C) 
and the resulting alunite analyzed for potassium.  The pressure 
corresponding to each temperature was 2, 6, 11, 17, and 41 bars, 
respectively.  It was assumed that pressures of less than 50 bars 
have no significant effect on the results.  To determine the 
effect of higher pressure, two solutions with markedly different 
.percent K-saturation levels(80, and 10%) were subjected to 0.5 
and 1.0 kilobar at 200 C.  The quantity of alunite synthesized 
from the 80% K-saturated solution was sufficient(several mg) for 
analysis by atomic absorption(error of ±5 atomic % K).  The yield 
from the 10% K-saturated solution was very small(less than 1 mg) 
and had to be analyzed by refractive index measurements(error of 
±15 atomic % K). ,. < 
As shown in Figure 19., the atomic percent potassium in 
alunite is temperature dependent.  For solutions with less than 
100% K-saturation, the potassium content in alunite decreases* 
with increasing synthesis temperature whereas the potassium 
102 
Figure 19.  Atomic % K in alunite as a function of synthesis 
temperature for four solutions with different K-saturation 
levels at pressures less than 50 bars. 
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content increases with increasing synthesis temperature for 
solutions with greater than 100% K-saturation.  Furthermore, 
the percent of theoretical yield generally increases with 
increasing temperature for any given K-saturation level(Figure 20) 
As shown in Figure 21, the atomic percent potassium 
incorporated in alunite is pressure dependent as well.  With an 
increase in synthesis pressure at constant temperature the 
potassium content in alunite increases. An 80% K-saturated 
solution at 1.0 kilobar and 200 C yields alunite which is 
stoichiometric in potassium whereas the same solution at 17 bars 
and 200 C yields alunite containing only 66 atomic % K. 
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Figure 20.  Temperature dependence of the yield of alunite 
expressed as percent of theoretical yield in three 
solutions with different K-saturation levels at 
pressures less than 50 bars. 
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Figure 21.     Pressure  dependence  of atomic % K in alunite 
synthesized from two solutions with markedly different 
K-saturafcion  levels- at a temperature of 200 C. 
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Alunite as a Potential Geothermometer 
The temperature dependence of the K /H-0  ratio in alunite 
might have some potential as a geothermometer providing that this 
ratio does not undergo post-depositional reequilibration and that 
the K/Al ratio of the alunite-producing fluid could be determined 
through fluid inclusion studies. 
At near-surface conditions with formation pressures of less 
than 0.5 kilobars, such as indicated at Marysvale, Utah, probably 
temperatures of less than 200 C at solution K-saturations greater 
.than 80% or temperatures up to 300 C at solution K-saturations 
greater than 100% are needed to produce high-potassium alunite. 
The effect of formation temperature and pressure oppose each other 
on solutions of less than 100% K-saturation so that deduced 
^temperatures must be corrected for pressures in this range. 
At formation pressures of greater than 0.5 kilobars, the 
+   + * 
K /H-0 ratio is less dependent on the pressure of formation, 
+   + 
so that in. deeper deposits of alunite the K /H_0 ratio may be 
more useful as a direct geothermometer. 
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Kinetics of Alunite Formation 
3+ 
Aluminum forms octahedral aquo ions* A1(H„0)  , that are 
^  o 
quite acidic and tend to hydrolyze extensively according to the 
reaction: 
Al(H20)g+ = Al(H20)5(OH)2+ + H+ 
Experimental results obtained in this study show tihat a 
reduction in the initial acidity of the solution and an increase 
in the synthesis temperature increases the yield of alunite which 
may be due to an increase in the initial rate of hydrolysis for 
the aluminum aquo complex. 
In the initial stage of this study, a large amount of 
alunite formed within 1 to 2 hours from a 100% K-saturated 
solution containing 0.16 M KHCO and 0.24 M Al (SO ) .18H.0 
with an initial pH of 3.4 at 100°C and 1 bar. When 0.08 M K„S0. 2  4 
was used in place of KHCO,, the initial pH was 2.3 and it took 3 
to 6 hours to precipitate the same amount of alunite. 
Table 17 shows that an increase in the synthesis temperature 
increases the yield expressed as percent of theoretical yield. 
Qualitatively, this is probably due to an increase in the initial 
concentration of the hydrolyzed aluminum aquo complex.  Each 
possible hydrolysis-resulting collision can have an infinite 
distribution of energy;  only those collisions above the 
threshold energy can result in hydrolysis. A greater number of 
hydrolysis-resulting collisions will occur as the synthesis 
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temperature is increased which results in a higher initial 
concentration of hydrolyzed aluminum aquo complexes.  There will, 
thus be a greater probability of alunite-forming reactions with 
the higher initial concentration of the complex which will result 
in an increase in the yield of alunite and' in the greater acidity 
of the solution at the end of the synthesis experiment. 
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CONCLUSIONS 
1) The oxonium ion can completely substitute for the potassium 
ion in the 12-coordinated interlayeP~site of the alunite 
structure so that the atomic substitution series potassium . 
alunite to oxonium alunite is complete.. 
2) Sulfur and aluminum are nonstoichiometric in alunite so 
that there are tetrahedral and octahedral cation vacancies, 
respectively. 
3) Hydrogen ions are incorporated in the structure to charge 
balance aluminum and sulfur deficiencies by bonding to the 
framework oxygen ions.  Although the exact position of these 
hydrogen ions in the structure is unknown, the substitution 
4-        2- 
of the tetrahedral hydroxyl entity (H,0.)  for (SO.)  in the 
sulfate site is hypothesized in order to maintain the structural 
integrity of the oxygen framework. 
4) The K /H_0 ratio in alunite is both temperature and 
pressure dependent.  For solutions with less than 100% 
K-saturation, the effect of temperature and of pressure on the 
K /H_0 ratio are in opposition whereas with solutions of greater 
than 100% K-saturation, temperature .and pressure reinforce each 
other to produce high-potassium alunite.  The.yield of alunite 
increases with temperature apparently due to the increase in rate 
3+ 
of hydrolysis for Al(Ho0), . 
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